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ABSTRACT
Ammonia emission from animal feeding operations (AFOs) has negative effects on
environment and animals’ health. Thus measuring and mitigating ammonia emission from AFOs
is important for environmental protection. In chapter I, different ammonia measurements were
discussed and a mitigation technology- biofilter was represented.
In-house windrowing of built-up litter has been used by broiler producers to reduce pathogen
loads and rejuvenate litter for the next flock. When litter is piled up for an extended period
during downtime, heat generated by the litter pile can become a substantial heat source due to the
metabolism of microorganisms. In chapter II, heat production rates of windrowed and nonwindrowed litter were calculated. Windrow trials were conducted for five consecutive flocks as
litter accumulated from fresh beddings over a year period. Temperatures and relative humidity of
the ambient and air inside the commercial houses were continuously recorded with portable
loggers during downtime, as well as temperatures of windrowed and un-windowed litter. The
specific heat productions were between 0.50 and 1.54 W/kg litter (wet basis) for windrowed litter
and 0.63 to 0.89 W/kg litter (wet basis) for non-windrowed litter except for the summer trial.
Specific heat production from Non-windrow, Windrow_1 and Windrow_2 are not significantly
different (p=0.868).
Biofilter is a technique using biomass to capture and biologically degrade process pollutants.
In chapter III, relationships between ammonia removal efficiency (RE) and residence time (RT),
ammonia removal and nitrous oxide production, nitrogen transformation, and carbon dynamics
were investigated. A laboratory scale biofilter was built and set inside a chicken house.
Ammonia, nitrous oxide concentrations from both inlet and outlets were measured. Samples

were taken and total nitrogen (N), total carbon (C), ammonium-N, nitrate-N, and nitrite-N were
analyzed. Ammonia RE was a linear function (p<0.05) of RT. Total N, ammonium-N, nitrite-N,
nitrate-N increased during the last two months. Overall, high RT (50 sec) is recommended for
high ammonia condition to achieve high RE and low N2O-N production. Med-RT (20 sec) is
recommended in low ammonia condition since low RE was found for Low-RT and high fraction
(N2O-N production/NH3-N removal) was found for High-RT.
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CHAPTER I Introduction
Chickens are believed to be the most numerous birds in the world. And broilers are chickens
raised for meat production. According to USDA, the United States is the world’s largest poultry
producer and the second-largest egg producer and exporter of poultry meat. U.S. poultry meat
production totals over 43 billion pounds annually and over four-fifths is broiler meat. The
consumption of poultry meat (broilers, other chicken, and turkey) in the U.S. is considerably
higher than beef or pork (USDA, ERS, 2012). The huge market advances the development of
poultry production and large commercial operations which are used to produce poultry products.
On one hand, the development of poultry production brings national wealth and improves
humans’ standard of living; but on the other hand, environmental problems associated with
poultry wastes are rising. According to Sims and Wolf (1994), these effects include pollution to
crops, soils, surface water and ground water, air quality and odor control, food safety, animal
health and welfare. The airborne contaminants from broiler houses include gases, odor, dust, and
microorganisms (Casey et al., 2006). Ammonia, particulate matter, and odor emission from
broiler operations has received the most attention (Carey et al., 2004).
Ammonia (NH3) is a colorless gas with a characteristic pungent smell. Atmospheric ammonia
affects animal’s health by damaging trachea and atrial tissue resulting in lowered resistance to
various respiratory diseases and secondary infection, thus reducing productivity (Beker et al.,
2004; Hale et al., 2010). Ammonia depositions also play an important role in soil acidification,
eutrophication, and aerosol formation (Liu et al., 2006). More than 80% of anthropogenic
ammonia emissions are from animal farms (Battye et al., 1994). And among them, according to
The US Environmental protection Agency, poultry are ranked as the largest contributor to
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ammonia emissions of all animal husbandry operations (US Environmental Protection Agency.
2004).
Regulatory agencies have shown increased interest in ammonia emissions from animal feeding
operations (Burns et al., 2007). It is important to quantify ammonia emission from the broiler
houses. This chapter reviews the different measurements of ammonia emission and also a
mitigation technique of ammonia emission –biofilter technology.
1.1 Measurement of ammonia emission
Quantifying air emissions is a complex process due to its multiple and various sources, the
extreme variability, and the variety of components being emitted (Casey et al., 2006).
1.1.1 Factors influencing ammonia emissions
1.1.1.1 Temperature
Temperature is an important factor that can significantly affect the ammonia emissions, for the
reason that air temperature influences the convective mass transfer coefficient and litter
temperature may change the Henry’s constant, the dissociation constant, and also the diffusion
and generation of ammonia (Liu et al., 2006). Temperature is normally well controlled and
managed to optimize broiler health and productivity. Different ventilation rates can be applied to
maintain the target temperature according to different seasons, locations and climates. High
temperature in a house can facilitate the growth of microorganism decomposing the organic
nitrogen in manure or litter and increase the ammonia concentration in animal house (Arogo et
al., 2002). Monteny and Erisman (1998) demonstrated that temperature affects the process of
urea hydrolysis and hence changes NH3 production rate.
1.1.1.2 pH
2

The pH value of litter or manure changes the equilibrium between ammonium and unionized
ammonia, and hence influences the ammonia release. Any factors changing the pH have an
impact on ammonia release. “The greatest increase in ammonia release happened between a pH
of 7 and 10” (Ndegwa et al., 2008). Studies showed that sulphuric acid, phosphoric acid,
aluminium sulphate, calcium chloride can be used to reduce pH and hence reduce ammonia
emission (Jensen, 2002; Moore et al., 1996; Li et al., 2006; Shi et al., 2001).
1.1.1.3 Moisture content
Litter or manure moisture content may affect the metabolism of microorganisms due to
changing of availability of oxygen, therefore influence the ammonia release. Since ammonia is
easily dissolved in water, high moisture content may temporarily retain more ammonia, followed
by a high release concentration. Ammonia emissions from broiler litter samples at various
moisture contents under laboratory condition were tested by Liu et al. (2007). It was observed
that ammoniacal nitrogen content (TAN) in the litter increased as water was added. The addition
of water first suppressed ammonia emission for a short time and followed with high ammonia
emissions later. Elliot and Collin (1982) also mentioned that wet litter can lead to high ammonia
levels in broiler house. Moisture content below 30% was recommended for ammonia control
(Carr et al., 1990).
1.1.1.4 Little nitrogen content
“All nitrogen (N) that is taken up with the feed and not retained in the animal body is excreted
in faeces and urine” (Monteny and Erisman, 1998), which is a direct source of ammonia
emissions. Different types of feed contain different nitrogen contents, as a result, contributing to
different levels of ammonia emissions. Brewer and Costello (1999) found that ammonia flux
from reused litter was six times that from new bedding material at the start of a grow-out.
3

Different nitrogen contents of new and re-used litter play an important role in causing the
emission differences.
1.1.1.5 Air velocity
Ammonia volatilization rate is the product of the ammonia mass transfer coefficient and the
difference in concentration or partial pressure of gaseous ammonia between a boundary and air.
The mass transfer coefficient of ammonia depends on temperature and air velocity at the
boundary (Monteny and Erisman, 1998). Air velocity also changes the concentration of gas
phase ammonia, thus changing the concentration difference, therefore, changing the ammonia
release.
1.1.2 Approaches to estimate ammonia emissions
1.1.2.1 Nitrogen mass balance
Nitrogen mass balance methods account for N input and output in production systems. N input
includes: animal feed, fresh bedding, animal introduced to the facility, atmospheric deposition,
N-fixation. N output may include body mass gain of animals, animal productions (i.e. eggs, milk
etc.), gaseous emissions, and N in the manure or litter (Arogo et al., 2002). Based on nitrogen
mass balance, estimating ammonia volatilization is possible. Since mass balance method regards
total N loss (differences between input and output) as ammonia ventilated, what it provides is an
estimate of the upper limits over long production cycles (Keener and Zhao, 2006).
Nitrogen mass balance method has been used to estimate nitrogen loss from animal house
(Liang et al., 2004; Coufal et al., 2006; Keener and Zhao, 2008). However, the N balance
approach is limited because it is usually impossible to accurately measure production, amount of
feed consumed, feed composition and animal weight (Phillips et al., 2000). Li et al. (2009)
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compared two NH3-N emission estimation methods (a concentration-flow-integration method
and a N mass-balance method) for a commercial turkey grow-out house over one year.
Unexpected large discrepancy was found between the two methods. This method seems
applicable for small sources or laboratory measurements but difficult to apply to a large scale
source.
1.1.2.2 Summation of local ammonia
Summation of local ammonia method is possible by choosing some representative sources of
the total sources, and the emission from each local source would be measured by a suitable
method (Phillips et al., 2000). A chamber, container or tunnel could be used to cover the surface
of the source at a known rate, and measuring the ammonia concentration is necessary for the
emission calculation.
A chamber was designed and used by Aneja et al. (2000) and the placement of the chamber
was performed in a statistically random manner. A small fan was used to mix the air in the
chamber continuously. Ferguson et al. (1998) used the chamber method to determine ammonia
equilibrium and volatilization from broiler litter. Wind tunnel is an enclosure with an open
bottom that is placed over the emitting source while ambient or filtered air is blown or drawn
through the tunnel to mix with and transport the emissions away from the emitting surface
(Smith and Watts, 1994). Wind tunnel has larger surface area and thus is more accurate
compared to the flux chamber.
The disadvantage of this method is its difficulty in determining representative resource
locations. If ammonia emissions from different locations have significant differences, the
summation results would not be accurate.

5

1.1.2.3 Ammonia fluxes
According to Phillips et al. (2000), there are four sub-types of this method: (1) measuring air
velocities and ammonia concentrations at the chosen envelope; (2) measuring the dilution of air
within the chosen envelope; (3) modeling air velocities and ammonia concentrations at the
chosen envelope; (4) modeling the dilution of air within the chosen envelope. The first type
measures the air velocity and ammonia concentrations directly or indirectly at a chosen envelope,
usually the building itself, around perimeter of manure stores, or downwind of the source. The
second type generally uses a tracer gas within the envelope to measure the velocity of the air and
set several sampling lines to measure the ammonia concentration. The average concentration is
used to minimize the errors. Some models, such as Gaussian plume models and backward and
forward Lagrangian Stochastic models (Liu et al. 2006), can be used in the third and the fourth
type, combine with measuring ammonia concentration to calculate emissions.
Compared with the Summation of local ammonia method, this method requires fewer
sampling points. But care should be taken to choose the reasonable measuring points. Another
advantage is that it allows for the determination of ammonia emissions at various growth stages
under growing conditions (Siefert et al., 2004). Current measurement of ammonia at animal
facilities is mostly based on continuous monitoring of airflow and ammonia concentration level
using ammonia gas analyzers (Ni and Heber, 2001). The emission rate was calculated by
multiplying the ventilation rate and the differences between inlet and outlet.
1.1.2.4 Tracer ratio method
This method is based on the mass balance approach. In this approach, a tracer is used at a
known rate. Tracer gas and ammonia concentrations are measured in representative sampling.
The measurement point should be placed far enough from the ammonia emission and tracer gas
6

injection sources, to allow for good mixing of both gases in the animal house (Mosquera, 2005).
The equation used as follows:

QNH 3 

Qtracer
 C NH 3
Ctracer

The assumption of this method is the dispersion of NH3 and tracer gas should be similar. The
location of tracer gas injection and gas concentration sampling points in the building is critical
(Scholtens and Huis in’t Veld, 1997). The injection position should closely mimic the ammonia
sources and the gas concentration should be representative. The tracer gas used can be either an
introduced gas such as carbon monoxide or a natural gas such as metabolic carbon dioxide (van
Ouwerkerk and Pedersen, 1994).
Either internal or external tracer can be used in this approach. The internal tracer method,
which offers a better chance of ammonia emission from the individual sources in a close group,
is less susceptible in operation to changes of wind direction than the external one (Phillips et al.,
2000).
1.1.3 Measuring ammonia concentration
Ammonia concentration measuring techniques include chemical method and sensor
technology, most of which are optical sensors. These methods include: acid scrubbers, gas
detection tubes, electrochemical cells, passive diffusion devices, optical absorption techniques,
etc. These methods were demonstrated and discussed by Arogo et al. (2001) and Phillips et al.
(2001). Conventional methods measure NH3 concentration over long periods of time, while
modern methods significantly shorten the response time, making it possible to measure ammonia
concentration in real time.
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1.1.4 Ventilation rate
Three different techniques have been applied to determine ventilation rate directly. The first
one based on using a tracer. Tracers can measure the overall ventilation rate. The normal process
of this method is to release tracer at a known rate and measure the concentration at reasonable
measuring points. The ideal tracer gases must have properties such as safety, non-reactivity,
insensibility, uniqueness, and measurability (Sherman, 1990). Sulphur hexafluoride, methane,
carbon dioxide, hydrogen, nitrous oxide have been used (Baptista et al., 1999). Among them,
carbon dioxide and nitrous oxide are most frequently used. Metabolic carbon dioxide together
with metabolic heat is available tracer used (van Ouwerkerk and Pedersen, 1994; Phillips et al.,
1998). Thermal energy models have been used to simulate the inside temperature and ventilation
rate of animal housing with forced ventilation (Hutchings et al. 2006). In mechanical ventilated
houses, temperatures are always controlled by fans or heaters to maintain within a certain range
which are suitable for animals’ living.
Another technique is measuring the building static pressure. This method can be used if the
fans are in a condition similar to the fans used in the performance test. Standard fan tests are
necessary and hence relationship between static pressure across fans and ventilation rates of
specific fans can be learned. By measuring the static pressure, ventilation rates of the fans can be
calculated.
The last method uses anemometer to measure the air velocity directly. Combined with fan area,
the ventilation rates can be calculated. Anemometer array can be used to increase the accuracy
(Gates et al., 2004).
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1.2 Biofilter as a mitigation technique of ammonia emission
As represented above, air temperature, pH, litter or manure nitrogen content, moisture content,
air velocity and ventilation rate affect the ammonia emission. Techniques changing each of these
factors provide a possible way to mitigate ammonia emission. Detailed descriptions were made
by Ndegwa et al. (2008) in regard to reduction of nitrogen excretion, reduction of volatile
nitrogen, building designs and manure managements, emission capture and treatment.
Biofilter is a technique using materials like mulch, woodchips, wood shavings, litter and
compost etc. to capture and biologically degrade process pollutants. Microorganisms within the
biofiters could break down gaseous pollutants to innocuous products. Biofilters were first applied
to livestock facilities in West Germany in approximately 1966/67 to reduce odor emissions from
piggery and it was not until the 1990’s that the studies of biofilters for livestock facilities began
in the U.S. (Chen et al., 2009). Afterwards, bofilters have gained more attention for agriculture
since they are cost effective and have the ability to treat a broad spectrum of gaseous compounds
like hydrogen sulfide, odor, ammonia etc. and show significant reductions (Chen et al., 2008a).
1.2.1 Nitrogen cycle in biofilters
A biofilm is a group of microorganisms sticking to each other on a surface. It is important for
biofilter since the metabolic activities of microorganisms carry out on the biofilm. When
ammonia is absorbed in the water-biofilm layer surrounding the media particles, ammonium is
converted by nitrification to nitrite and nitrate (Nicolai et al., 2006). Figure 1 is a modified
nitrogen cycle in biofilter.
When ammonia, nitrous oxide (N2O) and nitrogen (N2) are introduced to the biofilter, a
portion of NH3 is absorbed by water and converts to ammonium (NH4+) within the biofilm. Other
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NH3, N2O and N2 will leave the biofilter by emission. Ammonium may remain as ammonium, or
it can either be converted to nitrite (NO2-) and nitrate (NO3-) by nitrification or immobilized to
organic nitrogen (N). Nitrification is a process of oxidation of ammonium by nitrifiers or
nitrobacteria with production of nitrite and nitrate. The products depend on supply of ammonium,
aeration, temperature, moisture, and pH. Nitrate is either immobilized to organic N or is
converted to nitric oxide (NO), N2O and N2 by denitrification. Tisdale et al. (1993) illustrated
that pH and NO3- are two factors changing the denitrification products (NO, N2O and N2). Above
pH of 6, N2 is the principal product. The ratio of N2O/N2 is influenced by nitrate-N
concentrations. Through ammonification, organic N will be converted to ammonium. Leaching
will happen if excessive moisture is applied. Ammonium, nitrite, and nitrate are likely lost due to
leakage.
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Fig. 1. Nitrogen cycle in biofilter (modified from Nicolai et al., 2006)
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1.2.2 Biofilter types
Biofilters can be classified by the configuration (open or closed) and gas flow direction (upflow, down-flow or horizontal flow). Normally, open biofilters are used for animal agriculture
because they are less expensive. Up-flow open biofilters are the most common biofilter used in
livestock. Construction costs can be low for using up-flow open design (Nicolai and Lefers,
2006). However, considering the water supply and addition, down-flow biofilters are preferred
because over-drying condition of media at the bottom of biofilter can be avoided when adding
water from the top. Horizontal flow design can be used when there is less surface area available
for biofilter set-up. Although horizontal flow biofilter uses less surface area, study showed that
media tends to settle over time (Nicolai et al., 2005).
1.2.3 Biofilter media
Swanson and Loehr (1997) indicated that suitable media properties are: 1. Suitable
environment for microorganisms to survive (enough carbon supply, moisture, neutral pH); 2.
Large surface area; 3. Stable compaction properties to resist compaction and channeling; 4. High
moisture holding capacity; 5. High pore space; and 6. Low bulk density to reduce compaction.
The widely used media include compost, wood shavings, woodchips, mulch, and their mixture.
Yang et al. (2011) conducted a biofilter media characterization and airflow resistance test. The
density, porosity, pH, total carbon, total nitrogen, organic matter content, particle size
distribution and airflow resistance of eleven media and their mixtures were tested. Airflow
resistance model was developed so that it can be used for media and fan selection. A mixture of
compost and woodchips with a ratio of 30:70 was recommended by Nicolai and Janni (2001) for
agricultural purpose and Chen et al. (2008b) suggested that woodchips alone can be used to treat
odors and volatile organic compounds (VOCs) from a deep pit swine building.
12

1.2.4 Biofilter residence time
Biofilter residence time (RT), also known as the empty bed contact time, is the time air spends
passing through the biofilter media. It is determined by using the volume occupied by media
divided the air flow rate. Sufficient residence time is necessary so that pollutant gas can be
absorbed by the biofilm and then degraded by microorganisms. Studies showed that 5 sec are
sufficient for odor and H2S reduction with adequate media moisture content (Janni et al., 1998;
Nicolai and Janni, 1999; Schmidt et al., 2004; Chen et al., 2008a). Sun et al. (2000) conducted
experiments with various media moisture contents (MC) (30%, 40%, 50% wb) and RTs (5, 10,
20 s) and found that the biofilter with 50% MC and 20 s RT had the largest ammonia removal
efficiencies (90.3% in Trial 1 and 75.8% in Trial 2). Keeping the media moisture content at 75%,
increasing RT from 3.7 to 5.5 sec did not significantly improve reduction efficiency of NH3
(Chen et al., 2008b). The average NH3 removal efficiency was 41%. A wider range of RT should
be investigated to learn how RT influences NH3 removal efficiency.
1.2.5 Biofilter moisture content
Biofilter moisture content is another important factor affecting biofilter performance besides
RT (Schmidt et al., 2004). However, controlling suitable moisture content during operation is
difficult. According to Reyes et al. (2000), 75% of biofilter problems were caused by lack of
control over media moisture. The effects of over-wetting, over-dry media and methods for
maintaining optimal media moisture content can be found in Swanson and Loehr (1997).
Most studies showed that 40% to 65% are sufficient and suitable to maintain overall efficiency
(Guilherme et al., 2012; Sheridan et al., 2002; Nicolai and Janni, 2001). The discrepancies of
optimum moisture content reported by different researchers were likely due to different media.
Suitable moisture contents really depend on materials used.
13

Chen et al. (2008b) found that NH3 reduction efficiencies of Western cedar chips at moisture
levels of 17%, 48% and 75% were -26%, 10% and 57%, respectively. Sun et al. (2000) indicated
that biofilters (compost-based) with higher media moisture contents of 30% to 50% at 5, 10 and
20 sec RT had higher NH3 removal efficiency (25%-90%). However, Nicolai et al. (2006)
reported that when increasing MC from 50% to 60%, the NH3 removal efficiency of biofilter
(compost/wood chip based) did not show a significant change at 5 sec retention time. MC of
media should be controlled within a certain range. Below this range, NH3 removal efficiency was
low. Above this range, increasing moisture content would not help to increase removal efficiency
significantly.
Measuring moisture content accurately has always been a big challenge for biofilter control.
Young et al. (1997) calculated media moisture content by continuously weighing the biofilter.
However, this method treated biofilter as a whole and thus non-uniform moisture distribution of
media cannot be found. Funk et al. (2007) found that Vaisala HMD 50 Y series relative humidity
probe can be used for moisture content measuring. Robert et al. (2005) found that soil and hay
moisture meters tested were unsuitable for measuring the moisture content due to variability and
limited range. But relative humidity sensor was shown to be a promising method. A highfrequency large format moisture sensor was made by Yang et al. (2012) and one-month test
showed that it can be used to achieve precise moisture monitoring and control.
1.2.6 Temperature and pH
The status of microorganisms is important for effective biofilter operation. Thus temperature
and pH are two other factors influencing the performance of biofilters since they affect the living
status of microorganisms.
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Yang and Allen (1994) suggested that 30 to 40 degree C is optimum operation temperature.
Low temperatures slow down microbial activity and hence reduce removal efficiency. However,
Mann et al. (2002) found that even when the ambient temperatures were below -20 degree C, the
biofilter media temperatures were maintained around 16 degree C without the need for insulation
or supplemental heat.
The optimal pH for biofilter operation is from 7 to 8 according to Williams and Miller (1992).
Studies showed that for a two month operation, pH of biofilter media maintained between 7.0
and 7.9 (Chen et al., 2008b; Shah et al., 2003).

15

References
1. Aneja, V.P., Chauhan, J.P., and Walker, J. 2000. Characterization of atmospheric ammonia
emissions from swine waste storage and treatment lagoons. Journal of Geophysical Research.
105(D7), 11535-11545.
2. Arogo J., Westerman, P.W., Heber, A.J., Robarge, W.P., Classen, J.J. 2001. Ammonia in
animal production –A review. ASAE annual international meeting. Paper No. 014089.
3. Arogo, J., Westerman, P. W., Heber, A. J., Robarge, W.P., Classen, J. J. 2002. Ammonia
emissions from animal feeding operations. White paper for National center for Manure and
Animal Waste Management, North Carolina State University.
4. Baptista, F. J., Bailey, B. J., Randall, J. M., Meneses, J. F. 1999. Greenhouse ventilation rate:
theory and measurement with tracer gas techniques. Journal of Agricultural Engineering
Research. 72(4), 363-374.
5. Battye, R., Battye, W., Overcash, C., Fudge, S. 1994. Development and selection of ammonia
emission factors. EPA/600/R-94/190. Final report prepared for U.S.Environmental Protection
Agency, Office of Research and Development. USEPA.Contract No. 68-D3-0034, Work
Assignment 0-3.
6. Beker, A., Vanhooser, S. L., Swartzlander, J. H., Teeter, R.G. 2004. Atmospheric ammonia
concentration effects on broiler growth and performance. The Journal of Applied Poultry
Research. 13(1), 5-9.
7. Brewer S.K., Costello T.A. 1999. In situ measurement of ammonia volatilization from broiler
litter using an enclosed air chamber. Transaction of ASAE. 42(5), 1415-1422.
8. Burns, R. T., Xin, H., Gates, R. S., Li, H., Overhults, D. G., Moody, L. B., Earnest, J. 2007.
Ammonia Emissions from Broiler Houses in the Southeastern United States. International
Symposium on Air Quality and Waste Management for Agriculture. ASABE Publication
Number: 701P0907cd.
9. Carey, J. B., Lacey, R. E., Mukhtar, S. 2004. A review of literature concerning odors,
ammonia, and dust from broiler production facilities: 2. Flock and house management factors.
The Journal of Applied Poultry Research. 13(3), 509-513.
10. Carr, L. E., Wheaton, F. W., Douglass, L. W. 1990. Empirical models to determine ammonia
concentrations from broiler chicken litter. Transactions of the ASAE. 33(1), 60-65.
11. Casey, K.D., Bicudo, J.R., Schmidt, D.R., Singh, A., Gay, S.W., Gates, R.S., Jacobson, L.D.,
Hoff, S.J. 2006. Air quality and emissions from livestock and poultry production/waste
management systems. Animal agriculture and the environment: National Center for Manure and
Animal Waste Management White Papers. J. M. Rice, D. F. Caldwell, F. J. Humenik, eds. St.
Joseph, Michigan: ASABE. Pub. Number 913C0306.

16

12. Chen, L., Hoff, S. J., Koziel, J. A., Cai, L., Zelle, B., & Sun, G. 2008a. Performance
evaluation of a wood chip-based biofilter using solid-phase microextraction and gas
chromatography-mass spectrometry-olfactormetry. Bioresource Technology. 99(16), 7767-7780.
13. Chen L., Hoff S., Cai L., Koziel J. 2008b. Odor reduction during biofiltration as affected by
air flow rate and media moisture content. ASABE International Meeting. Paper Number. 083859.
14. Chen L., Hoff S.J. 2009. Mitigating odors from agricultural facilities: a review of literature
concerning biofilters. ASABE. 25(5), 751-766.
15. Coufal, C. D., Chavez, C., Niemeyer, P. R., Carey, J. B. 2006. Nitrogen emissions from
broilers measured by mass balance over eighteen consecutive flocks. Poultry science. 85(3), 384391.
16. Ferguson, N. S., Gates, R. S., Taraba, J. L., Cantor, A. H., Pescatore, A. J., Straw, M. L.,
Ford, M.J., Burnham, D. J. 1998. The effect of dietary protein and phosphorus on ammonia
concentration and litter composition in broilers. Poultry Science. 77(8), 1085-1093.
17. Funk T.L., Robert M.J., Appleford J.M., Chen Y. 2007. Two novel sensor systems for
monitoring moisture content in biofilters treating exhaust ventilation air from livestock
production facilities. ASABE Paper No. 701P0907cd.
18. Gates, R.S., Casey, K.D., Xin, H., and Wheeler, E.F.. 2004. Fan Assessment Numeration
System (FANS) design and calibration specifications. Transactions of the ASAE. 47(5), 17091715.
19. Guilherme D.N., George B.D., Richard S.G., Joseph L., Mark S. 2012. Moisture effects on
greenhouse gases generation in nitrifying gas-phase compost biofilters. Water Research. 46,
3023-3031.
20. Hale, B. D., Fairchild, B., Worley, J., Harper, L., Ritz, C., Czarick, M., Rathbun, S.L., Irvin,
E.A., Naeher, L. P. 2010. Comparison of ammonia measurement methods inside and outside
tunnel-ventilated broiler houses. The Journal of Applied Poultry Research. 19(3), 245-262.
21. Hutchings, N., Fagerli, H., Asmanl, W., Misselbrook, T., Pinder R. and Webb, J. 2006.
Modeling and Regulating Ammonia Emissions. Proceedings of Workshop on Agricultural Air
Quality: State of the science, Bolger conference center, Potomac, Maryland, USA, June 5-8.
22. Janni, K.A., Nicolai, R.E., Jacobson, L.D., and Schmidt, D.R. 1998. Low cost biofilters for
odor control in Minnesota. Final Report August 14, 1998.
23. Jensen A.O. 2002. Changing the environment in swine buildings using sulfuric acid.
Transactions of the ASAE. 45(1), 223-227.
24. Keener, H. M. and Zhao, L. 2006. Predicting NH3 Emissions from Manure N for Livestock
Facilities and Storages: A Modified Mass Balance Approach. Proceedings of the Workshop on
Agricultural Air Quality: State of the Science. June 5-8, Bolger Center, Potomac, MD, USA.

17

25. Keener, H. M., Zhao, L. 2008. A modified mass balance method for predicting NH3
emissions from manure N for livestock and storage facilities. Biosystems Engineering. 99(1), 8187.
26. Li H., Xin H., Burns R.T. 2006. Reduction of ammonia emission from stored poultry manure
using additives: zeolite, Al+ clear, Ferix-3, and PLT. ASAE Paper No. 064188, 2006 ASABE
Annual International Meeting, Porland, Oregon.
27. Li, H., Xin, H., Burns, R., Jacobson, L., Noll, S., Hoff, S., Harmon, J., Koziel, J. 2009. Can
Mass Balance Be Trusted in Estimating N Loss for Meat-Poultry Housing?. ASABE Annual
International Meeting. Paper No. 096323.
28. Liang, Y., Xin, H., Wheeler, E.F. 2004. Ammonia emissions from U.S. laying hen houses in
Iowa and Pennsylvania. Transactions of the ASAE. 48(5), 1927-1941.
29. Liu, Z., Wang, L., Beasley, D. B. 2006. A review of emission models of ammonia released
from broiler houses. ASABE meeting paper. No. 064101.
30. Liu, Z., Wang, L., Beasley, D., Oviedo, E. 2007. Effect of moisture content on ammonia
emissions from broiler litter: A laboratory study. Journal of Atmospheric Chemistry. 58(1), 4153.
31. Mann, D.D., DeBruyn, J.C., Zhang, Q. 2002. Design and evaluation of an open biofilter for
treatment of odour from swine barns during sub-zero ambient temperatures. Canadian
Biosystems Engineering. 44,6.21-6.26.
32. Monteny, G. J., and Erisman, J. W. 1998. Ammonia emission from dairy cow buildings: a
review of measurement techniques, influencing factors and possibilities for reduction. NJAS
wageningen journal of life sciences. 46(3), 225-247.
33. Moore, P. A., Daniel, T. C., Edwards, D. R., Miller, D. M. 1996. Evaluation of chemical
amendments to reduce ammonia volatilization from poultry litter. Poultry science. 75(3), 315320.
34. Mosquera, J., Monteny, G.J., Erisman, J.W. 2005. Over view and assessment of techniques to
measure ammonia emissions from animal houses: the case of the Netherlands. Environmental
Pollution. 135, 381-338.
35. Ndegwa P.M., Hristov, A.N., Arogo, J., Sheffield, R.E. 2008. A review of ammonia emission
mitigation techniques for concentrated animal feeding operations. Biosystems Engineering. 100,
453-469.
36. Ni, J. and Heber, A.J. 2001. Sampling and measurement of ammonia concentration at animal
facilities -a review. ASABE meeting paper. No. 014090. St. Joseph, Mich.: ASABE.
37. Nicolai, R.E., and Janni, K.A. 1999. Effects of biofilter retention time on emissions from
dairy, swine, and poultry buildings. ASAE Paper No. 994149. St. Joseph, Mich.: ASAE.

18

38. Nicolai, R.E., and Janni, K.A. 2001. Biofilter media mixture ratio of wood chips and compost
treating swine odors. Water Science and Technology. 44(9), 261-267.
39. Nicolai, R.E., Lefers, R., and Pohl, S.H. 2005. Configuration of a vertical biofilter. ASAE
Publication No. 701P0205. St. Joseph, Mich.: ASAE.
40. Nicolai, R.E., Clanton, C.J., Janni, K.A., Malzer, G.L. 2006. Ammonia removal during
biofiltration as affected by inlet air temperature and media moisture content. Transactions of the
ASABE. 49(4), 1125-1138.
41. Nicolai, R.E., and Lefer, R.M. 2006. Biofilters used to reduce emissions from livestock
housing-a literature review. Workshop on Agricultural Air Quality. 952-960. Washington, D.C.,
USA.
42. Phillips,V.R., Holden, M.R., Sneath, R.W., Short, J.L., White, R.P., Hartung, J., Seedorf, J.,
Schroder, M., Linkert, K.H., Pedersen, S., Takai, H., Johnsen, J.O., Groot Koerkamp, P.W.G.,
Uenk, G.H., Scholtens, R., Metz, J.H.M., and Wathes, C.M. 1998. The development of robust
methods for measuring concentrations and emission rates of gaseous and particulate air
pollutants in livestock buildings. Journal of Agricultural Engineering Research. 70(1), 11-24.
43. Phillips, V. R., Scholtens, R., Lee, D. S., Garland, J. A., Sneath, R. W. 2000. A review of
methods for measuring emission rates of ammonia from livestock buildings and slurry or manure
stores, part 1: assessment of basic approaches. J. agric. Engng Res. 77(4), 355-364.
44. Phillips, V. R., Lee, D. S., Scholtens, R., Garland, J. A., Sneath, R. W. 2001. A Review of
Methods for measuring Emission Rates of Ammonia from Livestock Buildings and Slurry or
Manure Stores, Part 2: monitoring Flux Rates, Concentrations and Airflow Rates. Journal of
Agricultural Engineering Research. 78(1), 1-14.
45. Reyes, P.O., Ergas, S.J., Djaferis, T.E. 2000. An automatic moisture control system for
biofiltration. In: Proceedings of the Air and Waste Manage. Assoc. 93rd Annual Conf. and
Exhibition. June 18-22. Salt Lake City, UT.
46. Robert, M.J., Funk, T.L., Appleford, J.M., Chen, Y. 2005. Moisture sensing methods for
biofilters treating exhaust air form livestock buildings. ASAE Paper No. 054051. St. Joseph, MI:
ASAE.
47. 50. Schmidt, D., Janni, K.J., and Nicolai, R. 2004. Biofilter design information. BAEU-18,
Biosystems and agricultural Engineering Department, University of Minnosota. St. Paul, MN.
Accessed 22 April 2008.
48. Scholtens, R., Huis in't Veld, J.W.H. 1997. Practical research on the emission of ammonia
from animal houses. Part XXXVI. Naturally ventilated cubicle house for dairy cows, with slatted
floors. DLO Report 97-1006, Wageningen, 35 pp.
49. Shah, S.B., Basden, T.J., Bhumbla, D.K. 2003. Bench-scale biofilter for removing ammonia
from poultry house exhaust. Journal of Environmental Science and Health 38(1), 89-101.

19

50. Sheridan, B., Curran, T., Dodd, V., Colligan, J. 2002. Biofiltration of odour and ammonia
from a pig unit —a pilot-scale study. Biosystems Engineering. 82(4), 441-453.
51. Sherman, M. H. 1990. Tracer-gas techniques for measuring ventilation in a single zone.
Building and Environment. 25(4), 365-374.
52. Shi, Y., Parker, D.B., Cole, N.A., Auvermann B.W., Mehlhorn J.E. 2001. Surface
amendments to minimize ammonia emissions from beef cattle feedlots. Transactions of the
ASAE. 44(3), 667-682.
53. Siefert, R.L., Scudlark, J.R., Potter, A.M., Simonsen, K.A. and Savidge, K.B. 2004.
Characterization of atmospheric ammonia emissions from a commercial chicken house on the
Delmarva Peninsula. Environ. Sci. Technol. 38, 2769-2778.
54. Sims, J. T., and Wolf, D. C. 1994. Poultry waste management: Agricultural and
environmental issues. Advances in agronomy. 52(1), 2-4.
55. Smith, R. J.,Watts, P. J. 1994. Determination of odour emission rates from cattle feedlots:
Part 2, evaluation of two wind tunnels of different size. Journal of Agricultural Engineering
Research. 58(4), 231-240.
56. Sun, Y., Clanton, C. J., Janni, K. A., Malzer, G.L. 2000. Sulfur and nitrogen balances in
biofilters for od.orous gas emission control. Transactions of the ASAE. 43(6), 1861-1875.
57. Swanson, W.J., and Loehr., R.C. 1997. Biofiltration: fundamentals, design and operations
principles, and applications. Journal of Environmental Engineering. 123(6), 538-546.
58. Tisdale S.L., Nelson J.D., Beaton, and Havlin J.L. 1993. Soil Fertility and Fertilizers. New
York, N.Y.: Macmillan.
59. Van Ouwerkerk, E.N.J. and Pedersen, S. 1994. Application of the carbon dioxide mass
balance method to evaluate ventilation rates in livestock houses. Procs. of the CIGR-AgEng 94
Conference, August 29 to September 1, Milan, Italy, 516-529.
60. Williams, T.O., and Miller, F.C. 1992. Odor control using biofilters. Part 1, This overview of
basic design and operating criteria explains how biofilters can be used more efficiently to control
odors emanating from composting facilities. Biocycle October 1992, 33, 72-77.
61. Yang, L., Wang, X., Funk, T.L., Gates R.S. 2011. Biofilter media characterization and
airflow resistance test. Transactions of the ASABE. 54(3), 1127-1136.
62. Yang, L.C., Wang, X.L., Funk, T.L., Shi, S., Richard, S.G., Zhang, Y. 2012. A feasible
biofilter media moisture sensor. ASABE Paper No. 12-1338423.
63. Yang, Y., and Allen, E.R. 1994. Biofiltration control of hydrogen sulfide: 1. Design and
operation parameters. Air &Waste 44: 863-868.

20

64. Young, J.S., Classen, J.J., Westerman, P.W. 1997. Biofiltration system for testing the
reduction of odor from swine building. In: Proceedings of the International SymposiumAmmonia and Odour Control from Animal Facilities. 521-528. Vinkeloord, The Netherlands.
65. Environmental Protection Agency (EPA). 2004. National emission inventory-ammonia
emissions from animal husbandry: www.epa.gov/ttn/chief/net/2002inventory.html.
66. USDA. 2012. Poultry and Eggs: http://www.ers.usda.gov/topics/animal-products/poultryeggs.aspx#.UbGMaNi0Tbk
67. US Environmental Protection Agency. 2004. National Emissions Inventory-Ammonia
Emissions from Animal Husbandry:
http://www.epa.gov/ttn/chief/ap42/ch09/related/nh3inventoryfactsheet_jan2004.pdf Accessed
Feb. 2008.

21

CHAPTER II Heat Production of Windrow Composting in the Broiler Houses

Abstract
In-house windrowing of built-up litter has been used by broiler producers to reduce pathogen
loads and rejuvenate litter for the next flock. When litter is piled up for an extended period
during downtime, heat generated by the litter pile can become a substantial source due to the
metabolism of microorganisms. Windrow trials were conducted for five consecutive flocks as
litter accumulated from fresh bedding over a year period. Temperatures and relative humidity of
the ambient and air inside the commercial houses were continuously recorded with portable
loggers during downtime. Temperatures of windrowed and un-windowed litter were recorded as
well. Heat production rates were calculated by treating the litter pile as a system. The specific
heat productions were between 0.50 and 1.54 W/kg litter (wet basis) for windrowed litter and
0.63 to 0.89 W/kg litter (wet basis) for non-windrowed litter other than summer trial. Heat loss
from the litter pile to the ground due to conduction and heat loss from the litter pile to the air due
to conductive convection were substantial. Specific heat production from Non-windrow,
Windrow_1 and Windrow_2 are not significantly different (p=0.868). Heat production rates
didn’t increase as the litter mass increased. The specific heat production rates decreased from the
trial 1 to the trial 5 except for the summer trial. The heat production rates of two windrowed litter
were about 60 kW in winter, with approximately 23 kW heat released from litter to the air.
Keywords: windrow, heat production, composting, heat balance
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2.1 Introduction
Large amount of litter, which is a combination of bedding material, chicken manure, water,
feathers, and spilled feed, etc., is produced in a confined poultry feedings operations. Typically,
the litter is land-applied on pastures or hay fields as fertilizer or used in other agricultural
purposes after removal from poultry houses. However, mismanagement and misuse of the broiler
litter can contribute to nonpoint source of water pollution (Lavergne et al., 2006). Common
microbes exist in broiler litter, including Staphylococcus, non-pathogenic Escherichia coli,
Campylobacter spp., Yersinia spp., Listeria spp., Salmonella spp., and other coliforms (Terzich
et al., 2000; Lu et al., 2003). These pathogens are not only a risk for broilers but also a potential
hazard for human beings by causing some foodborne illnesses.
In-house windrowing of built-up litter has been used by broiler producers to reduce pathogen
loads and rejuvenate the litter for the new flock. The benefits of in-house windrow composting of
litter include reducing food pathogens in litter, reducing the frequency of cleanups, transport and
storage requirement of surface-removal of caked litter. Decrease in litter moisture and pH were
also observed (Barker et al., 2011). According to the United States Environmental Protection
Agency (U.S. EPA), composting is a “process to further reduce pathogens” which requires the
temperature of composting materials to achieve 55 ℃ (131 F) for various periods of time under
the 40CFR.503 regulations. Heat produced during composting due to the metabolism of
microorganisms can kill pathogenic microorganisms.
The heat produced by windrow composting could be a potential energy source. Researchers
have conducted the energy and mass balance of the composting process. Finsterin et al. (1986)
and Das and Keener (1993) analyzed the composting process in forced aeration systems.
Robinzon et al. (2000) did heat and water balances of three different windrows in a commercial
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municipal solid waste composting and found that the energy generation is about 2700 kJ/kg (wet
basis) over 50 days. The heat loss due to evaporation was about 70%, while radiation and
convection were about 20% and 10%, respectively.
Few studies have addressed heat production rate of composting in a continuous manner. One
reason is the difficulty of measuring the moisture loss of compost continuously. Furthermore, it
is hard to achieve representative litter samples for moisture content measurements. This research
analyzed the heat production of windrowed and non-windrowed litter inside confined houses
during downtime. The study provides a new angle of view of different characteristics between
windrowing and non-windrowing treatment using energy balance.
2.2 Materials and Methods
2.2.1 Poultry Facility and windrow experiments
The experiments were conducted at three commercial broiler production buildings with a
dimension of 12 m × 122 m located west of Fayetteville, Arkansas. All houses are equipped with
solid-side walls, dropped ceilings, and mechanical ventilation systems. The ventilation system
includes four single-speed 91 cm (36 inch) diameter exhaust fans on the north sidewall and eight
single-speed 125 cm (50 inch) diameter exhaust fans on the west end of the houses.
New bedding materials were placed in March 2011 and litter accumulated for the rest of trials
(Table 1). Windrow trials were conducted for five flocks from May 2011 to April 2012. Two
windrowed Houses 3, 4 (Windrow_1, 2) and one non-windrowed House 2 (Non-windrow) were
used for data collection and analysis. After birds were removed, a 75-hp tractor was used to
construct windrows for the windrowed houses. Litter was turned over but left flat for Nonwindrow. Litter samples of all houses were taken two days prior to harvest and moisture contents
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were measured using gravimetric method to allow moisture content calculations. Water was
added in Windrow_2 litter in Trials 3, 4, 5 before windrows were constructed with a target
moisture content of about 30%. No water was added in Non-windrow and windrow_1 house.
Static pressure and fan on/off information were recorded every 2 seconds in Houses 3 and 4,
Combined with the fan performance equation, the ventilation rates were calculated every 15
minutes. The ventilation in House 2 was programmed to be the same as in House 3 during
windrow periods. In general, one exhaust fan was operated during windrow periods, except for
duration of maintenance periods by farm crew. However, two tunnel fans were used in July in
order to dry out the litter.
Litter density and depth of litter in windrow_1 were measured before the construction of
windrow. Litter density was measured using bucket method. The mass of litter filled with a 20 L
(5 gallon) bucket was measured and litter densities of 12 locations were calculated. The depth of
litter was measured by inserting a pipe of 7.5 cm (3 inch) diameter into litter until the packed
clay was reached. The total mass of litter at the end of each flock was calculated as
multiplication of density, depth and floor area of the house. It is assumed that litter mass of NonWindrow, Windrow_1, and 2 were the same.
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Table 1.
Litter windrow trials conducted on built up litter at a commercial broiler farm
Trial #

Windrow Dates

Duration
(day)

Flock # on Same
Litter

1

5/10 – 5/21/2011

11

1

2

7/10 – 7/18/2011

8

2

3

9/14 – 9/26/2011

12

3

4

11/23 – 12/5/2011

12

4

5

4/12 – 4/19/2012

8

5
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2.2.2 Heat production rate
Three types of portable HOBO data loggers (Onset Computer Corp., Bourne, Mass.) were
used for temperature or relative humidity measurements. U23-003 was used to measure surface
litter temperature. U12-008 with four probes was used to measure core litter temperature from
four locations. U12-001 was used to measure temperature and relative humidity of air and
ambient (Tamb). Surface temperature (Tlitter) of non-windrowed litter pile was measured and
core temperature (Tcore) of windrowed litter piles were measured in Windrow 1 and 2. The data
loggers used to measure the ambient condition were in the middle of a long, solid white PVC
pipe, as solar shield suggested by Wheeler et al. (2003), under the shed outside of windrow_1
house. Ground temperatures were measured by thermocouples buried 1.5 ft below ground. All
data were recorded every 15 minutes. The heat production rates of windrow composting were
calculated every 15 minutes.
Three mechanisms of heat transfer in composting process exist, including conduction,
convection and radiation. The heat production rate ( q g ) can be directly calculated using the
following energy balance equation:
ground
conv
qg  qa  qcond
 qcond
 qevp  qr (1)

Where qa is the accumulated energy rate of the litter pile resulting in temperature rise or drop
ground
conv
(J/s), qcond
the conductive heat loss rate from the litter to the ground (J/s), qcond
the conductive

heat loss rate from the litter to the surrounding air, qevp the heat loss rate due to water
evaporation of litter, and qr is the radiant energy loss rate from the surface of the windrowed or
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non-windrowed litter pile. Compared with other heat losses in the equation, radiant energy loss
was low and ignored.
Part of the heat production of the litter pile (windrowed or non-windrowed) allowed elevation
of the temperature of the litter pile. The heat accumulation in the litter pile can be calculated
below:

qa 

c pL  mL  T
t

(2)

Where c pL is the litter specific heat capacity with a value of 1672 (J/kg/K) according to
Ndegwa et al. (2000) and Bach et al. (1987). m L is the calculated total mass of the litter pile at
the beginning of windrowing (kg). T is the difference of recorded litter temperature between
two consecutive 15-min (K). For the windrowed houses, the core temperatures were used as litter
temperature. t is the equivalent time period in seconds of 15 minutes.
The heat loss from the litter to the ground through conduction:

ground
qcond


A1  (Tlitter  Tground )
(3)
d1
k

Where Tlitter is the temperature of litter pile, Tcore was used as Tlitter for windrowed houses.
Tground was the ground temperature, d 1 is the distance from the core of the litter pile to the

ground, and k is thermal conductivity of the litter, determined as 0.3 W/(mK) by Beek and
Beeking (1995). A1 is the floor area covered by litter. It increased as litter mass increased in
Windrow-1 and 2 over 5 trials, while held as a constant of 1488.4 m2 in Non-windrow.
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The heat loss from the litter pile to the air through conduction with convection at the litter
surface:

conv
qcond


A2  (Tlitter  Tair )
(4)
1 d2

h k

Where h is heat transfer coefficient between litter surface and air, 6 W/(m2.K) (Beek and
Beeking, 1995). A2 is the surface area of litter, the same as the floor area for Non-windrow, and
calculated assuming conical shapes of windrows for Windrow_1 and 2. Tair was the
temperatures of air. d2 is the distance from the temperature probe in the litter pile to the air.
It is difficult to measure the moisture loss of the litter directly and continuously. Instead a
water balance method was used. The water vapor evaporated by litter was equal to the
differences of water vapor content between incoming and exhaust air, calculated from the
measured relative humidity and temperature of air inside the house and ambient air.

  ( H i  Q) air  ( H o  Q) amb (5)
qevp    r (6)

Where ω is the net moisture loss/gain rate from the litter (kgH2O/s). Hi and Ho are humidity
ratios (kgH2O/kg air) of air inside and outside of the broiler houses. Q is mass flow rate of dry air
(kg air/s). ( H i  Q) air denotes moisture removal rate through the fans and ( H o  Q) amb denotes
moisture adding rate through the inlets. r is the latent heat of evaporation (2.5×106 J/kg H2O).
Specific heat production rates (J/kg litter) were calculated as the heat production per unit of the
total litter mass of that flock.
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2.2.3 Heat production rate verification
A verification of litter heat production rate was built between two different methods, the
method above treating litter pile as a system (qg) and another method regarding litter pile and the
air within the house as a system (qg’). The net enthalpy change of air in the house during 15
minutes was negligible and hence a steady state condition was applied. The balance equation is
shown as follows:
q g  q g ' (7)
ground
rad
(8)
q g '  qa  qcond
 qconv  qcond

rad
qcond
 U [(  I t / h0 )  Tamb  Tair ] (9)

qconv  hout  hin (10)
rad
Where qcond
is the inward heat flow rate combined with absorbed solar radiation, U is the

overall coefficient,  is the absorption of solar energy of exterior surface of the house, h0 is the
heat transfer coefficient between house exterior surface and the ambient air, hout and hin are the
total enthalpy of air and water vapor mixture exhausting and entering the house, calculated
based on the ventilation rate. The equation for accumulated heat rate and heat loss rate due to
conduction were shown in (2) and (3). Assuming the air inside the house being the same with the
air exhaust of the house and the ambient air being the same as the air entering the house, hout and

hin were determined. I t is the total shortwave radiation reaching the chicken house exterior
surfaces, including the side walls, doors and tunnel curtains. The existence of insulated ceiling
reduced the effect of inward heat from roof to the air surrounding litter. So roofs were not
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considered. According to the location of the broiler house, local time and the surface directions
of walls, doors and curtains of the broiler house, total shortwave radiation ( I t ) were calculated
(Berry and Miller, 1989; ASHRAE, 1985).
The result of heat production was extremely high or low during periods of occasional fan
schedule changes. These data were removed in further analysis since the sudden ventilation
change represents an unsteady-state environment inside the house. Windrow was turned once per
trial and the heat loss during turnings was not considered since dataloggers measuring windrow
temperature were temporarily removed during turning.
2.2.4 Statistical Analysis
ANOVA analysis was done to test whether specific heat production rates from Non-windrow,
Windrow_1 and 2 has big differences using JMP 10 (SAS Institute. Cary, North Carolina, USA).
ANOVA was also done to test whether heat production rates calculated by two different methods
matched or not.
2.3 Results and discussion
2.3.1 Heat Loss rate
The heat generated by litter was lost through conduction from the litter to the ground,
conduction and convection from litter to the air, water evaporation, and the trapped heat raised
the temperature of the litter, which is denoted as q a . Heat production rate and heat loss rate in
different ways of all houses in September 2011, calculated every 15 minutes, are shown in Fig. 1
to Fig. 3. q g was extremely high in the beginning of the trial and after the windrow turning (Figs.
2 and 3), which was caused by a high q evp and a high heat accumulation q a . During and after
windrow disturbance, the litter surface is likely to lose a lot of moisture. Water loss gradually
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decreased because the moisture content of the surface litter likely decreased. High q g indicated
high metabolic activities of aerobic microorganism because of the accessibility of oxygen and
ground
conv
readily available substrate in the beginning and right after turning. qcond
and qcond
were

relatively stable during the whole period. High moisture loss q evp occurred during day times after
9/19/2011. Warm and dry air at day times encouraged water evaporation. This was more obvious
in summer trial (07/2011) than in winter trial (11/2011 to 12/2011) (Figures not shown). During
ground
conv
some cold nights, litter gained latent heat, shown by negative values of q evp . qcond
and qcond

showed similar trend for all trials.
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Fig. 1. 15- min heat production and heat loss rate of Non-window house in Sept, 2011
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Fig. 2. 15- min heat production and heat loss rate of litter in Window_1 in Sept, 2011
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Fig. 3. 15-min heat production and heat loss rate of Window_2 in Sept, 2011
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The heat production rates (HPR) of different components were averaged over the windrow
period and their proportion (percentage) of q g are shown in Table 2. Compared with other heat
loss, average accumulated heat over the litter treatment period q a was relatively small, less than
10% for most of the trials. Average q a of three trials of Non-windrow were about 0 kW
indicating that litter was not able to retain the heat produced and most of heat was released/lost
ground
to its surroundings. Heat was primarily lost to the ground ( qcond
) or to the surrounding air

conv
conv
( qcond
). However, the proportion of heat lost to the air ( qcond
) in windrowed houses were

always less than that in non-windrowed house, and the proportion of heat lost to the ground
ground
in windrowed houses were always higher than that in non-windrowed house. Low litter
qcond

ground
temperature in non-windrowed house caused a smaller qcond
, suggesting that there was less

ground
heat released from the litter pile to the ground. For Window_1 and 2, qcond
were between 13.7%

conv
to 14.5% in summer (Trial 2) and 27.83% to 51.53% in other Trials. Overall, qcond
contributed

33.62% to 45.16% heat loss except summer trial (July, 2011).

36

Table 2.
Average heat production and loss rate components (kW) and relative proportion during 7 to 12
day periods
HPRa (Nonwindow)
(kW)

Trial 1
(May,
2011)

Trial 2
(July,
2011)

Trial 3
(Sept,
2011)

Trial 4

HPR (Windrow_1)

(%)

HPR (Windrow_2)

(kW)

(%)

(kW)

(%)

q evp

-4.13

-6.59

9.86

11.59

qa

6.20

9.90

6.94

8.16

ground
qcond

32.26

51.53

36.07

42.44

conv
qcond

28.28

45.16

32.14

37.81

qg

62.62

—

85.01

—

q evp

135.83

75.53

110.11

72.37

132.73

70.60

qa

-1.49

-0.83

4.13

2.71

4.79

2.55

ground
qcond

21.82

12.13

20.87

13.72

27.32

14.53

conv
qcond

23.68

13.17

17.04

11.20

23.15

12.31

qg

179.84

—

152.14

—

188.0

—

q evp

36.18

47.93

25.20

33.33

19.20

25.74

qa

-0.64

-0.84

3.95

5.22

2.68

3.59

ground
qcond

3.76

4.98

21.04

27.83

24.03

32.22

conv
qcond

36.19

47.94

25.41

33.62

28.68

38.45

qg

75.49

—

75.60

—

74.59

—

16.10

26.30

14.65

24.75

q evp
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(Nov to
Dec,
2011)

Trial 5
(Apr,
2012)

a

qa

3.20

5.23

3.17

5.35

ground
qcond

18.45

30.13

17.99

30.39

conv
qcond

23.47

38.34

23.39

39.51

qg

61.22

—

59.21

—

q evp

13.78

19.10

5.75

9.92

8.17

10.32

qa

-0.84

-1.17

10.29

17.75

10.14

12.81

ground
qcond

20.14

27.90

21.62

37.31

30.93

39.06

conv
qcond

39.09

54.16

20.29

35.02

29.94

37.81

qg

72.16

—

57.95

—

79.18

—

both heat production rate and heat loss rate are denoted as HPR
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2.3.2 Specific heat production rate
Specific heat production rates were calculated over five trials (Table 3).
The specific heat production rate in July 2011 was especially high compared with other trials
because higher air exchange was used during the trial, resulting in a high moisture loss from the
litter. High ambient temperatures in summer also contributed to the high moisture loss. The
specific heat production rates from windrowed and non-windrowed houses were comparable for
all trials. Windrowing litter resulted in heat accumulation, but not necessarily high heat
production. ANOVA analysis showed that specific heat production rates from Non-windrow,
Windrow_1 and Windrow_2 are not significantly different (p=0.868).
The specific heat production rate in Trial 5 was much smaller than Trial 1. This was likely due
to the long resting period from Dec, 2011 till Feb, 2012, which may have caused a large organic
matter loss. Only a small increase of total mass of litter (3172 kg) were observed at the end of
Trial 5, while litter mass increased around 10000 kg per flock for the first three flocks.
The specific heat productions ranged from 0.51 to 1.54 W/kg litter (wet basis) for windrowed
houses and 0.63 to 0.89 W/kg litter (wet basis) for non-windrowed house other than summer
trials. The heat production of a mixture of organic waste and garden waste reported by Robinzon
et al. (2000) was 2700 kJ/kg (wet basis) over 50 days (an equivalent specific heat production rate
of 0.625 W/kg). For their experiment, the moisture level was maintained at about 40% (wet
basis), while moisture contents of the litter in this study averaged less than 30%. Different
materials, different moisture content of the material, different convective air exchange over pile
may contribute to the differences of specific heat production rate.
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Table 3.
Summary of specific heat production rates from different in-house litter management in five
trials over a year

Trial #

Total mass
(kg, wet basis)

Specific heat production rate (W/kglitter, wet basis)
Non-windrow

Windrow_1

Windrow_2

1

55275

N/A

1.13

1.54

2

66822

2.69

2.28

2.81

3

85299

0.89

0.89

0.88

4

111013

N/A

0.55

0.53

5

114185

0.63

0.51

0.69
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2.3.3 Latent heat production rate
The available surface for water to evaporate, the temperature of the air, the water vapor
pressure at the air-water surface, and airflow around the water/air surface influenced the water
evaporation rate. A moisture mass balance method was used to calculate the water evaporation
rate. An assumption made was that the temperature and humidity ratio of air inside the broiler
houses didn’t change significantly during 15 min interval. In other words, it was steady-state
condition. Fig. 4 showed the latent heat production rate and the temperature of air inside and
outside of the chicken house in Sept, 2011. When there was a diurnal pattern of temperature, the
same pattern were found in latent heat production rate. Higher temperature has higher saturation
vapor pressure and hence encourages moisture loss. Mass flow rate could change the magnitude
of moisture loss rate as shown in equation (5). Temperature along with relative humidity of air
determined the humidity ratio. High temperature and high airflow rate were the reason why high
latent heat production rates were found in the summer trial. q evp accounted for 75.53%, 72.37%,
and 70.60% for non-windrowed, windrow_1 and 2 houses, respectively (Table 2). Latent heat
production rates were 24% to 33% of the total heat loss rates in Sept and Nov to Dec, 2011.
While in May and Apr, the latent heat loss rates only accounted for 10% (except for Windrow_1,
trial 1). When inside air humidity ratio was less than ambient humidity ratio at nights, the latent
heat production was negative, indicating water might be gained in the air of the chicken house.
This explained the negative average latent heat production in the first trial (Table 2). The high
airflow rate and temperature in summer were the contributors to the high latent heat production
rate. The latent heat production rates of non-windrow house were higher than windrowed house
due to the larger litter surface area to release water vapor (Table 2). For Trials 2 and 3, the
windrow process did increase the moisture loss per area of litter.
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Fig. 4. Latent heat production rate and temperatures of air and ambient of Windrow_1 in Sept,
2011
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2.3.4 Heat production rate verification
Heat production rates using two different methods were calculated and data are shown in
Table 4. For windrowed houses, HPRs calculated by two different methods were not
significantly different (p=0.745 for Windrow_1; p=0.295 for Windrow_2). However, HPRs of
non-window house didn’t match, especially of Trial 5. ANOVA analysis showed that heat
production rates of two calculations were significantly different (p=0.02). The reasons are
unclear. The heat production balance in two windrowed houses showed similar trend for all trials
(Figures not shown). The heat production rate verification of Non-windrow and Windrow_1 in
Sept 2011 are shown in Figs. 5, 6. q g ' in the second method were smaller than q g in the first
method. Data of q g ' showed inverse zigzag pattern compared with the shapes of q g at day time
because the relatively high ambient temperatures made hin through convection higher than hout ,
therefore negative qconv was achieved. As represented above, high temperature of air at day time
contributed to water evaporation and resulted in high q g . When air temperatures inside the house
were higher than ambient temperatures, q g and q g ' showed similar zigzag trend.
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Table 4.
Summary of average heat production rates of three litter management calculated by two methods
in four trials
HPR (Non-windrow)

HPR (Windrow_1)

HPR (Windrow_2)

Trial #
qg (kW)

qg' (kW)

qg (kW)

qg' (kW)

qg (kW)

qg' (kW)

1

—

—

62.62

90.10

85.01

86.05

3

75.49

34.54

75.60

58.65

74.59

56.66

4

—

—

61.22

50.48

59.21

48.21

5

72.16

19.96

57.95

43.10

79.18

61.97
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Fig. 5. Heat balance of non-windrow house in Sept, 2011
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Fig. 6. Heat balance of Windrow_1 in Sept, 2011
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9/26

9/28

Litter could be a substantial heat source in the commercial chicken house, although heat
production from litter during production is hard to separate from that of chickens. Heat
production from broiler calculated by Liang et al. (2012) was approximately 312 kW per house
when birds were 46 d of flock age during production cycle. Heat production rates due to litter
were about 70 kW per house of mild seasons in this study. In summer, they were about 170 kW
for both windrowed and non-windrowed houses. Even though the litter mass increased from
55275 to 114185 kg for 5 trials, the heat production rates of litter per house did not increase
(Table 2). The specific heat production decreased from the trial 1 to the trial 5 except for the
summer trial (Table 3). This is likely due to the continuous organic matter loss of the broiler
litter caused by metabolism of microorganisms. Although organic matter were added by manure,
feathers, and feedings etc. during the production cycle, the overall organic matter per unit mass
of broiler litter may reduce and hence reduce the specific heat production rates over time.
Normally, winter is on high demand of gas usage to maintain the temperature of broiler houses.
From the point of view of energy saving, comparing the heat production of litter and heat
production of gas is important. Propane usage was about 4000 L/house when ambient
temperatures were less than 10 C (winter) during first two weeks of grow out (Liang et al., 2009).
Assuming 100% combustion efficiency of heaters and the gross heating value of propane (92,500
Btu/gal), the heat production rate of heaters calculated in the broiler house was 85.2 kW. The
heat production rates of Windrow_1 and Windrow_2 were 61.22 and 59.21 kW in Dec, 2011.
There was approximately 23 kW heat released from litter to the air, which means litter could be
an important and substantial heat source in winter.
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2.4 Conclusions
Heat production rates of litter were high in the beginning of windrow construction and after
windrow turning. The specific heat productions were from 0.51 to 1.54 W/kg litter (wet basis)
for windrowed houses and 0.63 to 0.89 W/kg litter (wet basis) for non-windrowed house other
than the summer trial. The higher heat production of windrow in summer was associated with
high moisture loss of litter. Latent heat production rates varied and were seasonal dependent.
Heat was only able to be retained in windrowed litter and was released to surroundings for Nonground
conv
windrow. Both qcond and qcond were substantial heat loss. Specific heat production from Non-

windrow, Windrow_1 and Windrow_2 are not significantly different (p=0.868). Heat production
rates didn’t increase as the litter mass increased. The specific heat production rates decreased
from the trial 1 to the trial 5 except for the summer trial. The heat production rates of two
windrowed litter were about 60 kW in winter. There was approximately 23 kW heat released
from litter to the air. Heat production from litter was an important and substantial heat source in
winter when compared with the propane usage in winter reported in literature.
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CHAPTER III Ammonia Removal and Nitrous Oxide Generation for a Laboratory-scale
Biofilter

Abstract
Biofilter with organic materials was widely used to capture and biologically degrade airborne
process pollutants. This research investigated the relationship between ammonia removal
efficiency (RE) and residence time (RT), ammonia removal and nitrous oxide production,
nitrogen transformation, and carbon dynamics. Nitrogen mass balance was also conducted. A
laboratory scale biofilter was built and its performance evaluated inside a chicken house.
Ammonia (NH3), nitrous oxide (N2O) from both inlet and outlets were measured. Biofilter
samples were taken periodically, and total nitrogen (N), total carbon (C), ammonium-N (NH4+N), nitrate-N (NO3--N), and nitrite-N (NO2--N) were analyzed. Ammonia RE linearly correlated
with RT, with slopes of 0.675 and 1.520 for low and high pre-treated NH3 concentration,
respectively. The average N2O-N production rates were 3.54±1.15, 3.92±1.14, and 3.72±1.17
mg/hr for Low-RT, Med-RT, and High-RT, respectively, in low NH3 concentrations condition
and they were 2.07±0.56, 1.50±0.40, and 1.13±0.30 mg/hr for Low-RT, Med-RT, and High-RT,
respectively, under high pre-treated NH3 condition. Total N, ammonium-N, nitrite-N, nitrate-N
increased, while total C decreased during the last two months of testing. The organic N didn’t
shown clear trend. The organic carbon decreasing rate was about 5.576 g/day. Overall, high RT
(50 sec) is recommended for ammonia condition higher than 20 ppmv due to the higher RE and a
lower N2O production rate (39.48 mg/hr). Med-RT (20 sec) is recommended in low ammonia
condition since low RE was found for Low-RT and high fraction (NH3-N removal/N2O-N
production) was found for High-RT.
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Keywords: biofilter, nitrogen mass balance, residence time, nitrous oxide, ammonia
3.1 Introduction
The airborne contaminants from broiler houses include gases, odor, dust, and microorganisms
(Casey et al., 2006). Ammonia, particulate matter, and odor emissions from broiler operation
received the most attention (Carey et al., 2004). More than 80% of anthropogenic ammonia
emissions originate from animal farms (Battye et al., 1994). Among them, poultry is ranked as
the largest contributor to ammonia emissions of all animal husbandry operations (US
Environmental Protection Agency, 2004).
Controlling and reducing airborne contaminants from the broiler house is a challenge.
Traditional air pollution control technologies such as chemical adsorption and physical
absorption have the disadvantage of unable to treat a broad spectrum of contaminants or costly to
use (Yang et al., 2011). Biofilter has been treated as a promising odor and gases treatment
technology with the advantage of low cost and the ability to treat a broad spectrum of gaseous
compounds (Janni et al., 2001; O’ Neil et al., 1992; Chen et al., 2008). The process includes
sorption, degradation, and desorption of gas-phase contaminants (Nicolai et al., 2006).
Researches have been conducted to investigate the effect of residence time, inlet air temperature,
moisture content, and various material mixtures on ammonia removal efficiency (Nicolai et al.,
2006; Hartung et al., 2001; Shah et al., 2003).
Maia et al. (2012) investigated four laboratory scale tubular biofilters with 20 sec retention
time to study the relationship between NH3 removal and N2O production during the start-up.
They found that the process of NH3 removal by the biofilter was a trigger for N2O production.
Ammonia and nitrous oxide concentrations showed a strong negative correlation. The results
indicated that outlet N2O concentrations significantly increased as outlet NH3 concentrations
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decreased. This could occur since compaction, channeling and non-uniform media moisture
content distribution are common problems in biofilter operation. Zones lacking of oxygen occur
and hence allow denitrification. Nitrous oxide is the most common incomplete product of
denitrification. It is a major greenhouse gas and air pollutant. According to EPA (2013), nitrous
oxide accounted for about 5% of all U.S. greenhouse gas emissions from human activities in
2011. It has 120 years lifetime in atmosphere and hard to be removed. The impact of 1 pound of
N2O on warming the atmosphere is over 300 times that of 1 pound of carbon dioxide. This means
the global warming potential of N2O is over 300 times that of carbon dioxide (CO2). It also
contributes to the destruction of stratospheric ozone (Utanti et al., 2011).
Garzón et al. (2005) studied nitrogen elimination mechanisms in an organic media (peat and
treating pig manure) aerated biofilter and found out that the production of N2O not only come
from heterotrophic denitrification, but also from chemodenitrification and autotrophic
denitrification. Sakuma et al. (2008) built a biotrickling filter combined with a denitrifying
bioreactor. This set-up showed that ammonia gas was sequentially nitrified and denitrified to
nitrogen gas, thereby minimizing nitrate and nitrite contamination of any liquid effluent stream.
However, further studies are needed to learn the relationship between NH3 removal and N2O
generation, and relationship between N2O generation and biofilter moisture content to understand
the trade-off of biofilter removing NH3.
The objectives of this research are:
1) To determine the optimal residence time for high ammonia removal and low nitrous oxide
production;
2) To determine the interaction between ammonia removal and nitrous oxide production;
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3) Conducting a nitrogen mass balance to understand the nitrogen transformation in the
biofilters.
3.2 Materials and methods
3.2.1 Laboratory biofilter set-up
A biofilter system (Fig. 1) was built and installed in front of a group of exhaust fans inside a
broiler house at Agricultural Research and Extension Center, University of Arkansas. As a result
of another research project, in-house ammonia concentrations were not controlled for most of the
test periods, except for the short duration between flocks. The set-up included six reactors, a
temperature measuring system, a water addition system, airflow control manifold with gate
valves, a fan, gas sampling and measuring system. Each of the six reactors had a media volume
of 1.16 ft3 (11.89 inches ID and 18 inches height), loaded with similar media mix. The
experiment was operated for four months continuously (except for one week in Jan 2013 because
of instrument malfunction). In-house ammonia laden air was introducing to the reactors with
different air flow rates. Low ammonia concentration (less than 20 ppmv) was introduced
between Mar 11, 2013 and Apr 18, 2013. High ammonia concentration (20 to 40 ppmv) was
used from Apr 19, 2013 to Apr 22, 2013. A TD-200 fan (Soler & Palau ventilation group,
Jacksonville, FL.) was used to draw air into the manifold for distribution to the tops of the
reactors. A screen sieve was used to filter out dust in the air. The treated air was exhausted from
reactor outlet directly to the chicken house. Empty bed residence time (RT) is the time pollutant
gas spent to pass through the biofilter media. It is a critical design and operation parameter for
biofilter, affecting the conversion of pollutant gas. Air velocities at six inlets were measured by
hot-wire anemometer every two weeks. Different RTs were achieved by adjusting airflow gate
valves. Three target RTs (8 sec, 20 sec and 40 sec) were used for six reactors, two replicates for
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each RT. The six reactors referred as Low-RT-1, Low-RT-2, Med-RT-1, Med-RT-2, High-RT-1,
High-RT-2.
3.2.2 Biofilter materials
A mixture of broiler litter, compost, mulch and wood shavings with a C/N ratio of 30 was
used. Broiler litter, mulch and wood shavings were mixed in Dec, 2012 and compost was added
in Jan, 2013. Broiler litter and compost were added to introduce nitrifying bacteria. The porosity
of mulch and wood shavings were determined as 69.2% and 84.2% respectively by using pail
method as suggested by Nicolai & Janni (2001). The size distribution of mulch was concentrated
between 4 to 31.5 mm and the size distribution of wood shavings was between 4 to 19.1 mm.
Media mixing ratio were chosen to achieve low airflow resistance. Total media mass was
measured at the beginning and the end of the experiment.
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Fig. 1. Laboratory biofilter system consisting of reactors, intake air distribution, and exhaust gas
sampling and measurement system
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3.2.3 Gas and media sampling
Ammonia, nitrous oxide, and water vapor before treatments and at outlets after biofilter
treatments were measured using a photo-acoustic multi-gas analyzer (INNOVA 1412, California
Analytical Instruments, Inc.). Measurements were made approximately 8-hours each day
between Feb 4, 2013 and Mar 15, 2013, and 24-hr per day at other times. A multiplexer with a
group of solenoid valves, controlled by a program, was used to allow semi-continuous
measurement by the gas analyzer from various sampling locations. The inlet was sampled for 30
min and each outlet was sampled for 15 min in order. Only the last four minutes’ readings at
outlets and last eight minutes’ readings for inlet were averaged for analysis.
Biofilter media samples were taken from sampling ports on sides of each reactor to determine
pH, moisture content (MC), total C, total N, NO3-N, NO2-N and NH4-N every four to six weeks.
Sampling dates and duration between them are shown in Table 1. Three sampling ports were 90°
apart from each other in the vertical direction, instead of aligned. Total nitrogen and total carbon
were determined with Elementar Variomax analyzer. pH was measured by pH electrode with a
water/sample ratio of 2:1. Inorganic N was measured by Skalar autoanalyzer. Moisture was
determined by drying for 16-24 hours at 105 C.
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Table 1.
Sampling dates and the duration between sampling dates
Label #
S1
S2
S3
S4

Sampling dates
1/28/2013
2/15/2013
3/13/2013
4/22/2013
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Duration (d)
—
18
26
40

Fig. 2. Biofilter reactor design
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3.2.4 Moisture control
Moisture contents of biofilter materials were regulated by solenoid valves-controlled irrigation
system. Moisture content of each reactor was monitored by 10HS commercial soil moisture
sensor (Decagon devices, Inc.) and maintained in a pre-determined range (between 45% and
68%) for most of the time by the irrigation control algorithm. Sensor readings were used as an
indicator of media moisture content and water was added to maintain the reading within a certain
range before Mar 13, 2013. After that, constant water addition rates were applied for the
moisture control. Gravimetric analysis was also conducted to measure the MC. Low pressure
mist nozzles (Ecologic Technologies Inc., pasadena, MD.) were installed to allow a uniform
distribution within the reactors (Fig. 2). During the experiment, only Low-RT-2 reactor had a
small amount of leakage while other reactors had no leachate.
3.2.5 Ammonia removal efficiency and elimination capacity
Removal efficiency is defined as the fraction of the pollutant gas removed by biofilter.
Elimination capacity (EC) is the mass of NH3-N be removed per unit volume of biofilter media
per unit of time. They are calculated as follows:

RE 

I O
100%
I

EC 

(Ci  Co)
 Q  M  Vb
10 6  V

(1)

(2)

Where
I = gas concentration at inlet (ppmv),
O = gas concentration at outlet (ppmv),
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Ci = ammonia concentration at inlet of biofilters (ppmv),
Co = ammonia concentration at outlets of biofilters (ppmv),
V = volume of 1 mol of ammonia at room temperature (22.4 L/mol),
Q = airflow rate at inlets of biofilter (m3/d),
M = Molar mass of ammonia nitrogen (14 g/mol),
Vb = Volume of biofilter media (m3)
Removal efficiency depends on biofilter material composition, residence time, moisture
content of media, temperature, pH, etc. Among them, residence time, biofilter material
composition and media moisture contents are three most important operation parameters.
3.2.6 Nitrogen mass balance
The overall mass balance of nitrogen:
[ NH 3  N (in) ]  [ NH 3  N (out) ]  [ N 2O  N (in) ]  [ N 2O  N (out) ] 

Total  N  final  m final  Total  N initial  minitial

(3)

Where:
[ NH 3  N (in ) ] = total mass of ammonia nitrogen entering biofilter (g),

[ NH 3  N (out) ] = total mass of ammonia nitrogen exhausted (g),
[ N 2O  N (in ) ] = total mass of nitrous oxide nitrogen entering biofilter (g),

[ N 2O  N ( out) ] = total mass of nitrous oxide nitrogen exhausting from biofilter (g),

Total  N final = Total N (%) of biofilter media at the end of trial (dry basis),
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Total  N initial = Total N (%) of biofilter media at the beginning of trial (dry basis),
m final = Final dry media mass (g),

minitial = Initial dry media mass (g)
The left side of equation 2 is denoted as nitrogen removed and the right side of the equation
denoted as nitrogen retained. Nitrogen mass balance was conducted using S2 as the initial media
and S4 as the final media (Table 1). Assumptions have been made for the calculation:
1) Nitrous oxide is the principle product of denitrification and other products such as nitrogen
gas and nitric oxide are negligible.
2) Ammonia and nitrous oxide are the only nitrogen source at inlet that affected total N of
biofilter media.
3) Media samples used for the mass balance calculation are representative of the biofilter.
3.2.7 Carbon change rate
Carbon change rate of biofilter media was calculated by two different methods. The first
method used total carbon (C) of biofilter media samples. The second method used CO2
concentration measured by gas analyzer. The equation is shown below:
[CO2  C(out) ]  [CO2  C(in) ]  Total  C  final  m final  Total  C initial  minitial

Where:
[CO2  C( out) ] = total mass of CO2-C exhausted (g),
[CO2  C(in ) ] = total mass of CO2-C entering biofilter (g),

Total  C final = total C (%) of biofilter media at the end of the trial (dry basis),
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(4)

Total  C initial = total C (%) of biofilter media at the beginning of the trial (dry basis)
3.2.8 Statistical Analysis
Regression analysis was done between ammonia RE and RTs, and between ammonia-N EC
and RTs. ANOVA was done for nitrogen mass balance to test if total N retained and total N
removed were equivalent. All the statistical analysis used JMP 10 (SAS Institute. Cary, North
Carolina, USA).
3. Results and discussion
3.3.1 Ammonia removal
The relationships between ammonia removal efficiencies and residence times were
determined. Only data collected when media moisture contents were between 35% and 68%
were included for analysis. Actual RTs under low or high NH3 inlet concentrations were used in
the analysis. Ammonia removal efficiency increased as RT increased (Fig. 3 and Fig. 4), since
higher RT means higher gas-media contact time. When low NH3 concentrations were introduced
to the biofilter, the NH3 REs were 46±10.53%, 55±14.35%, and 73 ±7.40% for 9.2, 21.6 and
50.8 sec RT, respectively, and was linearly correlated with (p<0.05) RT (R2=0.997). .
The inlet ammonia concentration changed the relationship between ammonia RE and RT.
Under high inlet ammonia concentration (range of 20 to 44 ppmv NH3), ammonia RE varied
greatly (19% to 90%) in the tested RT range, with significantly linear regression (p<0.05). The
slope increased to 1.520 (R2=1). High ammonia concentration increased ammonia RE in high
residence time condition and decreased RE in low residence time condition, compared to low
inlet NH3 level.
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Fluctuating media moisture contents contributed to the variation of ammonia removal under
each RT. As moisture content decreased, the NH3 RE also decreased (data not shown). When the
moisture contents were lower than 30%, the NH3 RE was less than 10% (data points excluded for
analysis). Low moisture content would directly reduce the amount of water in contact with
gaseous phase ammonia and hence reduce RE. Low moisture content may also change the
microbial ecology within the biofilter. Low moisture content (less than 30%) was found on Apr
1st, 2013 for the Low-RT-2. In the following week, the ammonia RE fluctuated and the average
RE was less than 0% (NH3 concentration at exhaust > that at inlet) over a week even though the
moisture content was adjusted back to 51% approximately. The average RE in the subsequent
week increased to 34%. This is likely due to the regrowth of nitrifying bacteria. Moisture content
of media should be maintained no less than 30% since dry media may change the microorganism
living status.
More ammonia-N mass was removed as higher airflow was introduced, represented by lower
RT, regardless of the inlet ammonia concentrations (Figs. 5 and 6). Regression analysis showed
that NH3-N ECs were not correlated with RTs in both conditions (p>0.05). Higher NH3
concentration allowed higher EC (36.2 g/m3/d) than lower NH3 concentration (17.9 g/m3/d)
under similar lower RT of around 9 sec. Ammonia-N ECs was 11.64 g/m3/d when 2 ppmv
ammonia was introduced and was 111.4 g/m3/d when 22 ppmv ammonia at inlet with RTs of
around 7.5 sec by Armeen et al. (2008). This is comparable with the EC (17.9 g/m3/d) under low
ammonia concentration in this research. For most of the time, ammonia concentration was less
than 6 ppm under low NH3 concentration condition. However, the EC (36.2 g/m3/d) under high
ammonia condition in this study was much lower than 111.4 g/m3/d. Nicolai et al. (2006)
reported that the EC was around 180 g/m3/d at 5 sec RT when 15 ppmv ammonia was
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introduced. Bioscrubber was used to pre-treat the air from swine barn for Armeen’s research and
humidification was applied before air went into biofilter for Nicolai’s study. Different pretreatment of inlet air could be the reason caused the discrepancies.

66

NH3 removal efficiency (%)
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Fig. 3. Ammonia removal efficiency as affected by different residence times (9.2, 21.6, 50.8 sec)
when low ammonia concentrations (less than 20 ppmv) were introduced (Data from 3/11/2013 to
4/18/2013)
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NH3 removal efficiency (%)
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Fig. 4. Ammonia removal efficiency as affected by different residence times (8.2, 21.5, 55.9 sec)
when high ammonia concentrations (20 to 44 ppmv) were introduced (Data from 4/18/2013 to
4/22/2013)
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NH3-N elimination capacity (g/m3/d)
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Fig. 5. Ammonia-N elimination capacity as affected by different residence times (9.2, 21.6, 50.8
sec) when low ammonia concentrations (less than 20 ppmv) were introduced (Data from
3/11/2013 to 4/18/2013)

69

NH3-N elimination capacity (g/m3/d)
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Fig. 6. Ammonia-N elimination capacity as affected by different residence times (8.2, 21.5, 55.9
sec) when high ammonia concentrations (20 to 44 ppmv) were introduced (Data from 4/18/2013
to 4/22/2013)

70

3.3.2 Ammonia removal and nitrous oxide production
Denitrification is a heterotrophic anoxic process converting nitrate (NO3-) into gaseous
nitrogen by denitrifying organisms (Tallec et al., 2006). Nitrous oxide is an incomplete product
of denitrification process. The interaction between N2O-N production rate and NH3-N removal
rate were investigated. When low NH3 concentrations were applied, nitrous oxide-N production
rates were averaged 3.54±1.15, 3.92±1.14, and 3.72±1.17 mg/hr for Low-RT, Med-RT, and
High-RT, respectively (Fig. 7). Similar trends were found in high NH3 concentration condition
(Fig. 8), with lower average N2O-N production rates of 2.07±0.56, 1.50±0.40, and 1.13±0.30
mg/hr for Low-RT, Med-RT, and High-RT, respectively.
Different water addition rates could be the reason that caused different N2O-N production
rates. Water addition rates were adjusted several times during Mar 15 to Mar 29, 2013. High
water addition rates under low ammonia concentration may encourage the N2O production. .
Low pressure mist nozzles could be used for achieving uniform MC distribution without causing
leakage since water was well distributed on the media surface. This helped to create a good
moisture distribution within the reactors. Further research is needed to study how media moisture
distribution affects the production of N2O.
In soil, high NO3--N concentrations increased the rate of denitrification (Tisdale et al., 1993)
and high rate of denitrification decrease N2O/N2 ratio (Cleemput, 1998). Nitrate concentrations
for High-RT-1 and High-RT-2 were higher than other treatments (Fig. 9) during 2/15/2013 to
4/22/2013. This decreased N2O/N2 ratio and it could have contributed to the relatively small N2O
production in high ammonia concentration condition. Airflow rate could change the oxygen
availability and hence affect the N2O production.
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Overall, to treat high ammonia-laden air, high-RT (50 sec) is beneficial since it had high NH3
RE (80%), and a relatively low N2O production rate (39.48 mg/hr). For low ammonia
concentration, Med-RT (20 sec) is recommended. Even though high RT had high RE, it also had
a high N2O-N production/NH3-N removal fraction. The fractions were 16.46%, 30.36%, and
47.80% for Low-RT, Med-RT, and High-RT, respectively. This means 47.80% of total
ammonia-N removed was denitrified to N2O for High-RT.
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Fig. 7. N2O-N production rate as affected by NH3-N removal rate when low NH3 concentrations
were introduced (data from 3/11/2013 to 4/18/2013)

73
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Fig. 8. N2O-N production rate as affected by NH3-N removal rate when high NH3 concentrations
were introduced (data from 4/18/2013 to 4/22/2013)
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3.3.3 Nitrogen transformation
Total N and total organic N of biofilter media for all reactors are shown in Figs. 9 and 10.
Total N was high for S1 sampling. A possible reason is the samples taken were not
representative for the whole reactor. Compost was added on Jan 3, 2013 and high total N (%)
were found in compost. Total N increased continuously for the rest samples. The organic N
didn’t shown consistent trend and it was likely due to the different status of reactors.
Immobilization and ammonification could play an important role for the N exchange between
organic N, ammonium, and nitrate.
Nitrate-N, ammonium-N, and nitrite-N were shown in Figs. 11, 12 and 13. Ammonium-N
concentration largely increased from Feb 15, 2013 to Apr 22, 2013 since ammonia was retained
by biofilter. The high ammonium-N concentration of S1 was due to the effect of high NH4+-N of
compost. The nitrite-N concentrations of the first samples were relatively low for most reactors.
The concentrations largely increased at the end of the experiment. They were around 3000 mg/kg
for Low-RT, 1700 mg/kg for Med-RT, 1000 mg/kg for High-RT. At the end of the experiment,
the lower nitrite-N concentrations were found in the reactors with higher RTs. The nitrate-N
concentration increased for most reactors over time. The concentrations of the first samples were
low since nitrification was still at start-up phase. The higher the residence time, the higher
nitrate-N concentrations were.
The pathway of nitrification is (Tallec et al., 2006):
NH4+ → NO2- →NO3- (5)
Nicolai et al. (2006) represented the nitrification process as a series of two consecutive firstorder reactions, which involves formation of NO2- from NH4+ following by conversion of NO2-
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to NO3-. The time rate of decrease of ammonium depends on NH4+ concentration and a rate
constant. High ammonium encourages the transformation from NH4+ to NO2-. Time rate of
increase of NO3- depends on NO2- concentration and a rate constant. High NO2- concentration
increases the transformation rate of NO3-. The rate of change of NO2- concentration affects by
two rate constant, NH4+ concentration and NO3- concentration. High NH4+ concentration and low
NO3- concentration increase the rate of change of NO2- concentration and vice versa. For the
third samples, reactors with lower RT had higher ammonium concentration and lower nitrate
concentration compared with reactors with high RT. Thus the rate of change of nitrite-N
concentration was higher at low retention time than the high retention time, which eventually
contributed a higher nitrite-N for low retention time in the end. The ammonium-N, nitrite-N and
nitrate-N concentration didn’t increase continuously and variations were found. This is different
from the result from Nicolai et al. (2006). However, for their experiment, ammonia cylinder
served as the ammonia source and our ammonia source was the air from chicken house. Dust
may be a reason caused the discrepancy. Another possible reason was the samples we taken may
not representative for the whole reactors.
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Fig. 9. Total N (g) of biofilter media for all reactors
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Fig. 10. Total organic N (g) of biofilter media for all reactors
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Fig. 11. Nitrate-N concentration of media samples on dry basis
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Fig. 12. Ammonium-N concentration of media samples on dry basis
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Fig. 13. Nitrite-N concentration of media samples on dry basis
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Hgh-Ret-2

3.3.4 Nitrogen mass balance
Nitrogen mass balance from Feb 15, 2013 to Apr 22, 2013 is shown in Table 2. For Low-RT,
total N retained and total N removed were not significantly different (p=0.70). However, they
were significantly different from each other (p<0.05) for both Med-RT and High-RT. The
possible reasons caused these discrepancies include dusts introduced to the reactor from chicken
house, not representative samples, and experimental error. More NH3 was removed for Lower
RT. The average NH3 removals were 20.35, 9.93, and 7.61 g for Low-RT, Med-RT, and HighRT respectively. The Low-RT had the lowest N2O production (0.14 g) among Low-RT, Med-RT
and High-RT. Lower RT had higher airflow rate and likely created higher oxygen availability
environment. Media MC is another factor affecting the oxygen availability. The average N2O
production of High-RT (3.76 g) was less than the average production of Med-RT (4.36 g). This
may cause by the moisture distribution within the biofilters.
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Table 2.
Nitrogen mass balance (Feb 15, 2013 to Apr 22, 2013)

Biofilter #
Low-RT-1
Low-RT-2
Med-RT-1
Med-RT-2
High-RT-1
High-RT-2

Total N removed
NH3 Removed
N2O produced
-------------------------------g-------------------------------29.45
25.36
0.88
17.47
15.35
-0.59
30.67
7.49
3.22
30.82
12.37
5.50
16.41
7.94
4.19
13.55
7.28
3.33

Total N retained
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3.3.5 Carbon dynamics
The organic carbon decreases as a result of metabolism of microorganisms. Total C dynamics
of biofilter media are shown in Fig. 14. Considering the last three samples (assuming sampling
error for the first sample), total C decreased continuously. Total C decreased from 1707 to 1450
g for Low-RT, 1745 to 1263 g for Med-RT, and 1686 to 1320 g for High-RT between Feb 15,
2013 and Apr 22, 2013. Carbon mass change rates calculated by analytical results (Method 1)
and gas measurement of CO2 (Method 2) are shown in Table 3. The results of two methods
didn’t match. The experimental error could cause by errors from total mass measurement, MC of
biofilter media, un-representative media samples, media test method, air velocity measurement,
CO2 monitoring method.
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Fig. 14. Total C (g) of biofilter media for all reactors
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High-RT-2

Table 3.
Carbon mass flow rate (Feb 15, 2013 to Apr 22, 2013)

Biofilter #
Low-RT-1
Low-RT-2
Med-RT-1
Med-RT-2
High-RT-1
High-RT-2

C mass change rate
Method 1
Method 2
----------------g/d---------------5.31
0.94
2.37
-1.17
6.97
0.92
7.44
1.17
4.69
1.43
6.25
0.72
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3.4. Conclusions
Ammonia RE was a linear function (p<0.05) of RT for both low and high NH3 concentration
introduced. The slopes were 0.675 and 1.520 for low and high NH3 concentration, respectively.
NH3-N ECs were not correlated with RTs in both conditions (p>0.05). Higher NH3 concentration
allowed higher EC (36.2 g/m3/d) than lower NH3 concentration (17.9 g/m3/d) under similar
lower RT of around 9 sec.
The average N2O-N production rates were 3.54±1.15, 3.92±1.14, and 3.72±1.17 mg/hr for
Low-RT, Med-RT, and High-RT, respectively, in low NH3 concentrations condition and they
were 2.07±0.56, 1.50±0.40, and 1.13±0.30 mg/hr for Low-RT, Med-RT, and High-RT,
respectively, in high NH3 condition.
Media MC is important and it should be maintained no less than 30%. Algorithms of applying
constant water addition rates were an advisable way to control MC. Low pressure mist nozzles
were recommended for achieving uniform moisture distribution for lab-scale biofilter.
Total N, ammonium-N, nitrite-N, nitrate-N were basically increased for the last three samples.
The organic N didn’t shown clear trend. Total C decreased continuously for the last three
samples. Overall, high RT (50 sec) is recommended for high ammonia condition since it had
high RE and a low N2O production rate (39.48 mg/hr). Med-RT (20 sec) is recommended in low
ammonia condition since low RE was found for Low-RT and high fraction (N2O-N
production/NH3-N removal) was found for High-RT.
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CHAPTER IV Summary
For the first study, heat production rates of windrow and non-windrow litter were calculated.
Windrow trials were conducted for five consecutive flocks as litter accumulated from fresh
beddings over a year period. Temperatures and relative humidity of the ambient and air inside
the commercial houses were continuously recorded with portable loggers during downtime.
Temperatures of windrowed and non-windowed litter were recorded as well. Heat production
rates of litter were high in the beginning of windrow construction and after the windrow turning.
The specific heat productions were from 0.51 to 1.54 W/kg litter (wet basis) for windrowed
houses and 0.63 to 0.89 W/kg litter (wet basis) for non-windrowed house other than the summer
trial. The higher heat production of windrow in summer was associated with high moisture loss
of litter caused by high air exchange and large vapor pressure deficit. Latent heat production
rates varied and were seasonal dependent. Heat was only able to be retained in windrowed litter
ground
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and was released to surroundings for Non-windrow. Both qcond
and qcond
were substantial heat

loss. Specific heat production from Non-windrow, Windrow_1 and Windrow_2 are not
significantly different (p=0.868). Heat production rates didn’t increase as the litter mass
increased. The specific heat production rates decreased from the trial 1 to the trial 5 except for
the summer trial. The heat production rates of two windrowed litter were about 60 kW in winter.
There was approximately 23 kW heat released from litter to the air. Heat production from litter
was an important and substantial heat source in winter when compared with the propane usage in
winter from other research.
Biofilter is a technique using biomaterials to capture and biologically degrade process
pollutants. The second study investigated the relationship between ammonia removal efficiency
(RE) and residence time (RT), ammonia removal and nitrous oxide production, nitrogen
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transformation, and carbon dynamics. Nitrogen mass balance was also conducted. Ammonia RE
was a linear function (p<0.05) of RT for both low and high NH3 concentration introduced. The
slopes were 0.675 and 1.520 for low and high NH3 concentration, respectively. NH3-N ECs were
not correlated with RTs in both conditions (p>0.05). Higher NH3 concentration allowed higher
EC (36.2 g/m3/d) than lower NH3 concentration (17.9 g/m3/d) under similar lower RT of around
9 sec. The average N2O-N production rates were 3.54±1.15, 3.92±1.14, and 3.72±1.17 mg/hr for
Low-RT, Med-RT, and High-RT, respectively, in low NH3 concentrations condition and they
were 2.07±0.56, 1.50±0.40, and 1.13±0.30 mg/hr for Low-RT, Med-RT, and High-RT,
respectively, in high NH3 condition.
Media MC is important and it should be maintained no less than 30%. Algorithms of applying
constant water addition rates were an advisable way to control MC. Low pressure mist nozzles
were recommended for achieving uniform moisture distribution for lab-scale biofilter.
Total N, ammonium-N, nitrite-N, nitrate-N were basically increased for the last three samples.
The organic N didn’t shown clear trend. Dusts introduced to the reactor from chicken house, unrepresentative samples, and experimental error could be the reasons. Total C decreased
continuously for the last three samples. Overall, high RT (50 sec) is recommended for high
ammonia condition since it had high RE and a low N2O production rate (39.48 mg/hr). Med-RT
(20 sec) is recommended in low ammonia condition since low RE was found for Low-RT and
high fraction (N2O-N production/NH3-N removal) was found for High-RT.
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